Atherosclerosis in the circle of Willis and its major branches was studied prospectively in 198 men in the Honolulu Heart Program who were free of cardiovascular disease at the entry examination. The level of atherosclerosis was greater in the large arteries of the circle of Willis than in the small arteries, and autopsy-verified cerebral infarction was strongly associated with increasing severity of atherosclerosis in both. Analyses of the association of atherosclerosis scores with biologic and lifestyle characteristics measured at entry into the study indicated that atherosclerosis in the large arteries was consistently related to age, diastolic blood pressure, serum cholesterol, and height (inversely). Weak trends of association were also found with increasing serum glucose concentration, increasing cigarette use, and decreasing alcohol intake. Atherosclerosis scores in the small arteries were associated with diastolic blood pressure and serum triglyceride concentration. Analysis of dietary intake indicated that atherosclerosis scores were higher for men who reported low intakes of fat and animal protein and high intakes of vegetable protein and total carbohydrates. These patterns were consistent with similar findings on the incidence of clinical stroke in this cohort. Age-adjusted and -specific atherosclerosis scores from both the large and small arteries declined significantly during the period 1965 -1983 . (Stroke 1988 19:820-825) 
A utopsy studies of cerebral vessels can provide JLA specific information about the level of ath-X -L. erosclerosis, but they have two serious limitations in terms of etiologic relations. First, risk factor status must often be obtained from medical records at the time of death or be based on surrogate measures, such as using heart weight as a measure of hypertension. Second, autopsy studies potentially involve serious selection bias, which can contribute to spurious associations of risk factors and atherosclerosis. 1 A partial solution to these problems can be found in those rare instances in which autopsy determinations of cerebral atherosclerosis can be made for individuals who have participated in prospective epidemiologic studies. By definition, biologic risk factors and lifestyle characteristics have been measured before the onset of clinical disease, thus providing estimates of risk based on exposure status. Furthermore, as both risk factor and disease status are known, it is possible to estimate the degree to which selection bias has affected the autopsy group. It is also possible, with minimal assumptions, to statistically adjust for such selection bias when estimating the relation of risk factors to atherosclerosis. 2 -3 This article is based on such an opportunity provided by the ongoing studies of the Honolulu Heart Program. The major purpose was to determine which characteristics measured at entry into the study (initial examination) were predictive of cerebral vessel atherosclerosis measured during an 18-year follow-up. In addition, data are presented on the associations of atherosclerosis with pathologic findings of cerebral infarctions and hemorrhages and on temporal trends of cerebral atherosclerosis during the follow-up (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) . Similar analyses of atherosclerosis in the coronary arteries and aortas of this group have been reported. 2 
Subjects and Methods
The Honolulu Heart Program is a prospective study of cardiovascular disease among 8,006 men of Japanese ancestry who were aged 45-68 years at the time of the initial examination, [1965] [1966] [1967] [1968] . Details of the examination methods have been reported.
Since 1965, rigorous efforts have been made to ascertain incident coronary heart disease and stroke through follow-up examinations and through surveillance of hospital discharge records, obituaries in local newspapers, and death certificates. Deaths occurring in the cohort have been ascertained by daily telephone calls to mortuaries, hospitals, and the medical examiner's office. The incidence of cardiovascular disease and all causes of death have been determined by a panel of study physicians on the basis of all available information obtained from hospital records, death certificates, autopsy reports, and personal physicians.
The methods used for the pathologic evaluation of the brain and circle of Willis have also been described.
-
6 One pathologist examined all cases. The circle of Willis and its major branches were dissected from the brain, attached to plastic sheets, and stored in 10% formalin. Eighty-eight of these cerebral vessels were sent to the University of Minnesota School of Medicine in 1972, and 134 were sent in 1984. The scoring was on a numerical basis, with grades from 0 to 4, at each of 22 sites. The total score was divided by the number of sites examined to provide a mean score ranging from 0 to 4 in each case. For analysis of subclasses of vessels the same procedure was used.
The scores for different sites were defined as Grade 0, no evidence of atherosclerosis; Grade 1, opacity involving only a small part of the vessel circumference, no lumen narrowing; Grade 2, a diffuse, thin plaque that does not involve the entire circumference, with minimal lumen narrowing, or a small, thick plaque that produces <25% lumen narrowing; Grade 3, a diffuse, thin plaque involving the entire vessel circumference, with mild lumen narrowing, or a localized, thick plaque producing 25-50% lumen narrowing; and Grade 4, a thick plaque involving the entire vessel circumference, with moderate or marked lumen narrowing, or a localized, thick plaque resulting in >50% lumen narrowing.
As the degree of atherosclerosis tended to fall into two distinct classes based on size of the arteries, subclasses of large and small arteries were defined. The large arteries subclass included the internal carotid, the middle and posterior cerebral, the basilar, and the vertebral arteries. With some exceptions, the size of the large arteries ranged from 1.5 to 6 mm, while those in the small arteries subclass ranged from 0.2 to 1.4 mm.
For determination of gross brain pathology, coronal sections were cut at ^1 cm thickness for the cerebrum and 0.5 cm for the cerebellum and brainstem. Specimens from 12 predetermined sites plus any area of gross abnormality were taken for microscopic examination.
The following definitions and interpretations were employed. A cerebral infarction was defined as a a 1 cm circumscribed area of parenchymal necrosis or cavitary change with lipid-laden histiocytes in the bordering neuropil; smaller lesions were not included in the analysis as they were thought to be less likely to show clinical effects. A lesion was defined as hemorrhagic if it involved an area of hemorrhage of ^3 cm in the cerebrum or cerebellum and ^1.5 cm in the brainstem. Old hemorrhages were differentiated from infarctions on the basis of hemosiderin-laden histiocytes in the bordering neuropil.
Statistical Analyses
Statistical tests of the association of risk factors with atherosclerosis scores were based on univariate and multivariate linear regression. Age effects were removed from atherosclerosis scores by adjusting for age at death and from risk factors by adjusting for age at initial examination. Multiple regression coefficients relating atherosclerosis scores to risk factors were standardized by multiplying B b y the ratio SDjndependentvariable^Ddependentvarjable-T h e result is nearly identical to a partial correlation coefficient.
Two approaches were used to control for the potential effects of autopsy selection bias on the relation of risk factors and atherosclerosis. The first approach has been described in detail in reports on the association of risk factors with coronary atherosclerosis in this cohort. 3 Briefly, the first approach involves calculation of regression coefficients of atherosclerosis vs. risk factors separately for five disease categories: coronary heart disease, stroke, diabetes, cancer, and other. The regression coefficients for the five disease categories were then combined according to a formula that weighted them according to the distribution of the disease categories among the total cohort.
The second approach was simply to examine risk factor associations in the autopsied men who were free of evidence of clinical cardiovascular disease and diabetes. This is similar to the practice of using only individuals who have died of accidents and violence in autopsy studies, with the idea that the degree of selection bias related to having cardiovascular disease is less for this group. 
Results
Of the original 8,006 men seen at the initial examination, 1,545 had died by the end of December 1983. Of these, protocol autopsies were obtained for 290. Circles of Willis were available for 222 men, but 24 had known cardiovascular disease at the initial examination and were not included in these analyses, thus leaving 198 men for study (total group). Table 1 shows these men by cause of death. If an individual had a definite diagnosis of coronary heart disease or stroke from clinical records, priority was given to these diagnoses in cases of competing causes of death. Of the total group of 198, 94 men were free of clinical evidence of cardiovascular disease or diabetes (non-CVD group). Most risk factor analyses will be presented both for the total group and for the non-CVD group.
When the 198 protocol-autopsied men were compared with all 1,545 deaths, there were no significant differences in the proportion of major causes of death, nor in the mean values of more than 20 risk factors measured at initial examination. Thus, the autopsy subgroup was similar to the group of all deaths for these characteristics. Comparisons of risk factors at initial examination of the autopsied men and the total cohort have been reported. 2 To illustrate the association of atherosclerosis scores with lesions in the brain, the men in the total group were divided into quartiles of atherosclerosis scores, and age-adjusted percentages of men with hemorrhage or infarction were calculated as shown in Table 2 . Twenty-four percent of the men in the total group had evidence of one or more infarctions, while 7% had evidence of hemorrhage. For the large arteries the proportion of men with infarction and hemorrhage increased by increasing quartiles of atherosclerosis scores, ranging for infarctions from 8% in the lowest quartile to 48% in the highest, and for hemorrhage from 2% to 12%. For the small arteries, the associations were not as impressive, although the highest quartile did have higher proportions of both hemorrhage and infarction than the other quartiles. These patterns were significant only for infarctions. It is interesting to note that of the 48 men with an autopsy-verified cerebral infarction, only 13 had any evidence of a clinical stroke. Of the 14 men with autopsy-determined hemorrhage, 11 had a similar clinical diagnosis, two were diagnosed as having cerebral infarction, and one had no clinical evidence of stroke.
Patterns of temporal change in atherosclerosis were examined by calculating age-adjusted athero- Figure 1 . There were significant decreases in the age-adjusted atherosclerosis scores over time for both the total and the non-CVD groups and for both the large and small arteries. Separate analyses of 102 men whose age at death was limited to the range 65-74 years showed nearly identical results. Table 3 shows standardized )3 coefficients (r) from multiple regression models relating circle of Willis atherosclerosis scores to selected risk factors. The column "Adjusted" refers to the statistical adjustment for autopsy bias described in "Subjects and Methods" and applies only to the total group. Values for the biologic and lifestyle variables came from models in which all variables were entered simultaneously, whereas values for the dietary variables were from models in which the dietary variables were included one at a time with the biologic and lifestyle variables. Results from the multivariate analyses were nearly identical to those from the univariate models (data not shown). Atherosclerosis scores for the large arteries were consistently associated with age, diastolic blood pressure, serum cholesterol, and height (inversely) and less consistently with serum glucose, cigarette pack-years, and alcohol intake (inversely). Atherosclerosis scores in the small arteries were associated only with diastolic blood pressure and serum triglyceride levels.
No meaningful or statistically significant association was found for atherosclerosis scores for either subclass of arteries for serum uric acid concentration, hematocrit, body mass index, heart rate, physical activity index, number of years lived in Japan, education, occupation, marital status, and several measures of socioeconomic status (data not shown).
Association of atherosclerosis scores with dietary variables was found only for the non-CVD group. For this group, atherosclerosis scores for the large arteries were directly associated with the intake of total carbohydrate and inversely with the intake of animal protein and total fat. Usual intake offish was associated inversely with atherosclerosis scores only for the small arteries.
Measures of diet ranging from usually Oriental to usually western showed a trend for atherosclerosis scores to be higher among those preferring an Oriental diet, but this trend was not significant. There were no significant associations with total calories; saturated, polyunsaturated, and monounsaturated fatty acids; fatty acid ratios; dietary cholesterol; or coffee intake. Table 4 shows a comparison of the independent risk factors for atherosclerosis scores in the circle of Willis with those found to be predictors of the 10-year incidence of clinical stroke in this cohort. 8 Diastolic blood pressure was the only variable that was consistently associated with both atherosclerosis scores and clinical stroke, both thromboembolic and hemorrhagic. Serum cholesterol was strongly associated with atherosclerosis in the large arteries of the circle of Willis, marginally associated with thromboembolic stroke, and inversely associated with hemorrhagic stroke. Cigarette smoking was strongly associated with both thromboembolic and hemorrhagic stroke but only marginally associated with atherosclerosis in the large arteries. Serum glucose was associated with thromboembolic stroke and marginally associated with atherosclerosis in the large arteries, whereas serum triglyceride was associated only with atherosclerosis in the small arteries. Alcohol intake was associated inversely with atherosclerosis in the large arteries but was directly associated with the risk of hemorrhagic stroke. Animal food (animal protein and animal fat) was inversely associated with both atherosclerosis in the large arteries and thromboembolic stroke.
Discussion
Our findings indicate that the amount of atherosclerosis is greater in the large arteries of the circle of Willis and its major branches than in the small arteries and that there are major differences in the risk factors that influence the prognosis of atherosclerosis in arteries of different calibers.
One of our initial questions was whether risk factors for atherosclerosis were the same as those that predict stroke in this cohort. A strong association between autopsy-proven brain infarction and atherosclerosis scores would suggest that there is general agreement with incident thromboembolic stroke. The best match was between atherosclerosis in the large arteries and thromboembolic stroke. In contrast, there was little association between predictors of atherosclerosis in small arteries and clinical thromboembolic stroke, except for blood pressure. Except for blood pressure, there was little evidence of shared risk factors between hemorrhagic stroke and atherosclerosis in either large or small arteries. The associations of serum cholesterol and alcohol intake were, in fact, opposite.
The role of serum cholesterol is one of the more interesting inconsistencies in these comparisons. Its marginal association with thromboembolic stroke in this cohort is consistent with weak or absent associations in other studies, 9 yet the association of serum cholesterol with atherosclerosis in the large arteries of the circle of Willis was nearly as strong as that for blood pressure. This inconsistency may reflect the effect of competing mortality. High serum cholesterol is a major risk factor for premature fatal coronary heart disease. Thus, many individuals die of heart disease before the effects of cerebral atherosclerosis become manifest. This concept is supported by the fact that the mean cerebral artery atherosclerosis score for individuals in this study who died of coronary heart disease was as high as that of those who had a thromboembolic stroke. Furthermore, only 13 of the 48 men (27%) with autopsy-proven brain infarctions had clinical evidence of stroke. This indicates that many brain lesions were not detected clinically, and this, in turn, could result in weakened statistical associations.
The pattern suggesting that an Oriental-type diet, low in animal protein and fat, is associated with high levels of cerebral atherosclerosis is unsettling. As these dietary associations were weak and were found only in the non-CVD group, it is tempting to dismiss them. These associations are, however, compatible with similarly tenuous links of low-fat and low-protein diets with higher stroke incidence in this cohort, 8 and with the higher incidence of stroke in Japan found in a comparison of Japanese men in Hawaii and Japan. 10 Several investigators have suggesed that the high rate of stroke in Japan can be attributed, in part, to the low fat and protein content of the pre-1950 Japanese diet."-' 3 These concepts are contrary to the current emphasis on a high-saturated-fat diet and high serum cholesterol concentrations as major components of atherogenesis, but they do fit with the paradoxical patterns in some populations that have high rates of ischemic heart disease but low rates of stroke. 14 One explanation of this paradox implies that the types of stroke occurring in such places as Japan are due to intraparenchymal disease and that such disease involves risk factors different from those involved with atherosclerosis in larger vessels. 1014 Studies of large autopsy series collected in Japan and Minnesota during the 1960s demonstrated that there was a difference in the pattern of vessel involvement between the two populations. 6 The degree of atherosclerosis in the large vessels of the circle of Willis was similar for both populations; however, the Japanese cases had more severe atherosclerosis in the small vessels. An earlier report comparing men in the Honolulu Heart Program cohort with Japanese men in Hiroshima found that the Hawaiian men had more atherosclerosis in the circle of Willis but less intraparenchymal artery sclerosis than the Hiroshima men. 5 The measure of intraparenchymal sclerosis, however, was based on examination of only a single slide for each case.
Whereas we have no additional data on intraparenchymal artery disease in this study, the finding of differences in predictors for atherosclerosis in the large and small arteries in the circle of Willis is consistent with the paradoxical distribution of atherosclerotic disease described above. Therefore, even though the dietary findings are tenuous, more attention should be given to the postulate that certain dietary factors may be protective against cerebral atherosclerosis.
We are aware of only two other prospective studies in adults. Holme and coworkers 15 reported on the entry examination characteristics that were associated with percent of intimal surface covered with raised atherosclerotic lesions in the main intracranial arteries for 129 men. Blood pressure and serum cholesterol were the major risk factors, and interaction analysis indicated that blood pressure was more important than serum cholesterol. High density lipoprotein cholesterol (HDL-C) was not associated, and the ratio of total cholesterol to HDL-C was a weaker predictor than total cholesterol. There were no significant associations for physical activity, cigarette smoking, or serum triglyceride levels; serum glucose concentration and dietary factors were not included. Thus, except for cigarette smoking, their findings were similar to ours for large arteries.
A study of atherosclerosis in the circle of Willis and its main branches among participants in a prospective study in Hisayama, Japan, was reported by Sadoshima et al. 16 Blood pressure and serum cholesterol concentration were measured at entry for 244 cases with available circles of Willis. Atherosclerosis in the circle of Willis was significantly associated with both systolic and diastolic blood pressure but not with serum cholesterol. 16 Their entry serum cholesterol levels apparently were much lower than ours as the upper tertile began at 180 mg/dl.
Autopsy case series indicate that hypertension, diabetes, and cardiovascular disease significantly accelerate cerebral artery atherosclerosis. 17 -20 Our findings are consistent with these reports except for diabetes. Findings concerning the role of obesity have been inconsistent, but the general consensus is that its effect is indirect through promotion of higher blood pressure, serum lipids, and glucose. 9 Our findings are consistent with this interpretation.
It is well documented that cerebrovascular disease mortality rates have been declining over time; however, it is not clear whether these changes are due to changing incidence rates (see References 9 and 21 for reviews). We found a significant decrease in atherosclerosis scores for both large and small arteries of the circle of Willis over the period [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] . This decreasing trend is also consistent with our unpublished analysis of stroke mortality among Japanese men in Hawaii that showed a significant decrease during the past 30 years. If these concordant downward trends of cerebral atherosclerosis and stroke mortality are real, it implies that changes are taking place at the atherogenic level.
